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Themmdpamic properties aP the productsof combustionof five
dMf erentmixhzres& air with typicalaircraft-enginefuel have
been calculatedfrom the most reliablethermodynamictits available
in 1943. The calculationsare presentedin five oharts& internal
energyplotteda~inst entropywith valuesof temperature,specific
volume,pressure,and enthalpyindicatedcorrespondingto 80, 90,
100, 110,and 120 percentof the fuel-airratiofor perfectcombus-
tion. Eaoh chartis baseduponthe use of 1 poundaf originalair
plus the correspondingamount& fuel.

Thesechartsrepresenta considerableimprovementin accuracy
and rangeoverthosepreviouslyavailable.

INTRODUCTION

The increasinguse of thermodynamic-propertychartsfor the
solutionaf problemsinvolvinginternal-combustion-enginefluids ~
has broughtout a numberof weaknessesti the chartspreviously
available. The chartsof Hershey,Eberhardt,and Hottel (refer-
ence 1), thoughbasedon accmte thermodynamicdata,were not oal-
culated tith the numericalcare desirablein standardreference
charts. l?mthermore,thosechartscoveredonly threefuel-air
ratios,85, 100,and 110 percentaP theoreticalair. The Lutz-l~olf
charts(reference2), althoughpurportingto coverall rangesof
fuel compositionand fuel-airntio, actuallymake use of a roughly
approximateallowancefor disassociationphenomeu and, conse-
quently,are usefulonlyup to temperatureswheredisassociation
is a minor correctionfactor. The shortcomingsd other
thermodynamic-propertychartsare discussedin reference1.

W?he originalversiona!?this reportwas issuedas NACA RB
3G28,whichwas adaptedfrom materialpreparedby H. C. Hottelof
the Massachusettslhstituteof Technology. The presentrevision~
is issuedin responseto a continuingdemandfor this itiormation.
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Accordingly,the NationalAdvisoryOommitteefor Aeronautics
enteredintoa mntract with the MassachusettsInstituted Tech-
nologyfor the ~paration of a seriesof chartspresentingthe
propertiesaf mixturesof a t~ioal aticraft-enginefuel and alr
bothbeforeand aftercombustion.The propertiesof combustion
pxducts were to be basedupon chmioal equilibriumof the fuel
burnedwith air in variousproportions.The completedchxrkson
the thermoQnamicpropertiesaftercombustionof five mixturesof
air tith a ty_pioalaircraft-engimfuel} CH2 or 85.62percent
C by weight,are presented. Companionchartsfor 1 mole quantity
ccl?unburnedmixbureare presentedin refereme 3. .

A methodd use of thesechartsfor calculationd combustion
temperatureand of pressureduringcombustion,whichwas devised
by the steffof the NACA Lewis laboratory,is also included.

FuNDAMENTALDATA

The materialbasis al?the chartsis 1 poundof originaldry
air (1/28.95lb - moles) plus an amountof originalfuel d com-
position CH2 oorrespadingto 80, 90, 100, 110,and 120 percent
of the theoretic-alfuel.

The amountsof fuel and air with whichthe chartsare con-
cernedare summarizedh the followingtable:

. Peroentd theo-
retioalfuel 80 90 100 110 120 ~

Peroentof theo-
reticalair 125.00 11.1.11100.00 90.91 83.33
Poundsfuel per
poundair 0.054200.060980.067750.074530.081.30
Moles CH2 per
mole air .11195 .12594 .13993 ● 15393 .16792

The compositionof air was takenas 20.99percent 02 and
79.01percentair-N2(atmos@erictitrogenfIWIU~ =gon ~
otherrare gases). The .ccmpositionof air-N2is consideredto be
98.76p&cent N2, 1.19percent A, 0.04perOent C02, a
0.01peroent H2. The air-nitrogenwas treatedas nitrogenin oal-
cuktions of ohemioalequilibrium,whichaffects I?O formationto
a sl@rt exhmt,but oorrectvalues& energyand entropywere used
for afi-N2.
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Although“thetemperaturebase has no a~ecialsigrdficancein
problemsinvolvingwidelyvaryingatmosphericconditions,as in
aircrafteqgines,the tempemturebase used incamputingthese
chartswas 100o1’and the chartsare-solabeled.

One physicalchaaicalpracticeis to assignzerovaluesfor
energy”and entropyto the elamentsin theirnormalstateat 1 atmos-
phere. For thesecharts,it was consideredeasi~ to visualize
zerovaluesin the proihzctionof completecombustion;namely, co~,
H20 (vapor), 02, and air-N2at.1 atmosphere.Accordingly,zen
valueswere assigneilto entropiesand internalenergiesof these
four gasesat the base temperature(10,0°l?)and at 1 atmosphere.

The assmption of chemicalequilibriumin gaseoussystemsat
the temperatureattainedin flamesis, of course,ine~ct,.and ‘
directexperimentationto tleteminehow far a mixturedeprts from
eqtil.ibriwnis very difficult.However,agreementbetweencal-
ailateriand measuredpressuresattainedin constant-volumebomb
explosionsand betweencalcul.ateiiand measureatempentures in
Mekerburnerflamessubstantiatethe beliefthat at enginetemper-
aturesthe true compositiondoesnot Uf’fergreatlyfrom calculateii
values’.Consequently,calculationsaf engineperfommnce,based
on assumptionsof equillbriwn,will Panllel true peflormancewith
Endficientaccuracy.

DESCRIPI’IONOF CHARTS

“ The coordinates& the chartsare internalenergyand entropy.
_mts eXistfor the use of othercoordinates.~ the Otto
cycle,idealizeacombustionis a constantinternal-energy~ocess.
Considerationof gas-turbinecycleswould involvetrial-and-enor
use of the chatisif H had to be obtaind fram the relation
H= E+~; consequently,linesaf constant H have been super-
@xxed. ~terpolationbetweentheselinesis accomplisheiiby
use of an interpolationscaleprovidesin the upperleftmarginof
eachplot;a stripof papermy be used to tmnsfer the inter-
polation.

Linesaf constanttemperatureappearat 200° interva~. Inter-
polationis substantiallylinear. Linesat constantpressure
(dotted.)and constantvolume (solid).also appear.

Certain ~oblems encountereilin engine-cyclestudies@olve
the mixing (withoutf~her chemicalchange)d a mixture

. -—. . . . _______ .. . .. ______________ ... . . .__. .__. . . . . . . ... . . ._



4 NACA TN 1883

correspondingto a pointon a chart,with a coldgas.*For suchcal-
culations,it is convenientto lmow the Internalenergyexclusiveof
chemicalcontributionsto it.

In the comidarationof an equilibriummixtureat temperatureT,
its energy E can be evaluatedalongq path thatfinallyarrives
at the base state. Thatpth, the legsof whichhave special
utility,is the cooling,at the constantvolumeand withoutchemical
change,& the equilibriummixtureto the base temperature(thereby
evolvingwhatwillbe termedthe “sensible”titernalenergy Es),
followedby isotheml canbustionat the base tempekture and.at
constantvolumeto produceonly C02, H20, 02, and air-N2
(therebyevolvingenergythatwill be designated ~). Then
E = Es + ~. At tmpemtures below1600°K (28000R) where equilib-

. rium is frozen,the composition,and thertiorethe value of ~,
dependonlyon the entropythe mixtqrehad the instantit passed
that temperaturein its coolimg. Thesevaluesof ~ appearat the
marginon the rightof the chartsfor use In the rangewherefrozen
equilibriumis assumed. For hi@er tempezwtureswhere ~ varies
bothwith T and S, a scaleof Es is providedwith curved.
divisionsto allowfa the smalldependenceof Es on S. Jh ordar
to read this scale,move horizontallyto the rightfrcm E to the
correct S-value on the E8-scale, then up prallel to the currea
scaleditisionto the scaleon the extremeright.

The “sensible”enthalpy H~, which is analogousto Es, is

P
I-J
o
N

dtiinsdby the equation

Hs =E8+pv

By dtihiti~,

H= E+pv.

therefore

H= E+Pv =Es+~+pv

As a consequenceof choosing E = O
& 100°F, the valueof X; as readfrom

.

.

at the base temperature
thechart,is the change

in internal energy
state (o);but the.

in goi.n&from a ~icular ‘state”to the iieati-
changein enthalpyin goingto the deaa stateis

H1-~=Hl - (H8,0+ q

-- —.. — — —— —. ———__ -..
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where Hs,~ and ~ my be readfrom the extremerightand left

ordinatesof the charts,respectively.

The unitsused in the charts=e as follows:

Temperatn.me-

=essure -

Volume -

Energy -

degreesRamkin (degreesFahrenheitplus 459.7)

~oundsper squareinchabsolute

cubicfeet

Britishthermalunits,777.75foot-~ounds

AEPLIcATmN OF CHARTSTo STEADY-I?LOW

COMBUSTIONcAlxxlLmIoNs

Correctionsof basefor steady-flowcombustion.- Calculations
af the idealcombustiontempemture and momentumpressuredrop in
ram jetsand in othersteady-flowheat enginescan’be made with the
aid of thesecharts;becausethe chartswede originallydesigned
for calculationsat constantvolune,zerovalueswere assignedto
the internalenergiesd the completelyburned.phases(C02, H20,
and N2) at 1000F. For calculationsat constantpressure,it is
necessaryto applyan additivecorrectionto the enthalpythat
dependsonly on the fuel-airratio. It is more convenientto
computethe quantity H thatmust be used to enterthe charts
thanto correotchartreadingsto a stemdardbase. The chart
enthalpy H may be

H=%

foundfrom the eqmt ion

Ta ub2 (l+f)
-fhc + h:40 -

540 2gJ
-Q (1)

where

f fuel-air ratio

g accel~tion due to.gmvity, 32.174(lb/slug)

ha enthalpy& air, (Btu/lbair) ‘

hc lowerenthalpyof combustionof fuel, (Btu/lbfuel)

>
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enthalpyof completelyburnedmixlmreat 540°R,
(Btu/lbair)

mechanicalequivalentof heat, 777.97(ft-lb@tu)

heat 10SSfrom mixtureto externalsinks,(usually
(Btu/lbair)

inlet-airtotaltemperature,%

velocity@ burnedmixture,(ft/see)

negligible),

For commercialfuelswith a compositionCH2 injectedas
liquids,the avenagelowerenthalpy~ cmbustiofiat 540°R is
approximateely -18,590Btu per poundd fuel. (Seereference4.)

The values& h’ and h’ + 18,590f are givenh the fol-
lowingtable:

Percentof Fuel-a&
theoret- ratio
icalfuel

80 0.05~20
90 .06098
100 .06775
110 .07453
120 .08130

33.7 1041
34.7 1168
35.6 1295
36.6 1422
37.6 1549

Calculationof temperatureand mcmentumpressuredrop.- The
pressuredrop correspondingto fluidaccelerationduringcombustion
may be computedfor constant-areaductsor near c~tant-area ducts
by assumingthat the momentumis conserved.The momentumd the
burnedmixhre P + ~~z
inlet-air- fuel mixlnme

Pa +

where

is equalto the net momentumof the

D drag d flameholdersand otherobstructions,(lb/sqin. flow
area)

1? pressureof burnedgases,(lb/sqin.)

Pa pressured inletair, (lb/sqin.)

L
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Ra gaB constantfor air, 53.35 (ft-lb/(lb)(%))

% velocityof inletair beforefuel addition,(ft/see)

%? conponentof mesn “velocityof fuel injection~llel to U—
ala.Ub,

P amity ofLa

Pb demity of

(ft/see)

144 ya
inletair, pa .

@aTa

burnedgases, pb = (1 +,f)/vg

The equationsreduceto the workingform

P=

and ‘

where

v Gpecific

a

{

.a[(l+f) ~-%]
Pa 1- 1716.!5Ta

}

+Pauaf ~-D (2)

volumed Imrneagas, (CUft/lbair)

(3)

The enthalpyof the burnedmix%ure H

may be foundby solvingequations(1), (2),
solution,the valueof V is readfrom the
tilefuel-airratio f and to the valuesaf
from equations(1)and (2).

The followingyroceduremay be used to

and its velocity ~

and (3);duringthe
chartcorrespondingto
P and H computed

computethe velocity ~
and pressure P of the burnedmixture. The sequence& a~o~ti
answersconvergesto the correctsolutionIf the inletvelocity ~
is lessthan or equalto the criticalvaluefor chokeand fails to
convergeM the inletvelocity
for choke.

Step 1. Given ~, pa,
value ~,1 for ~; compute

is greaterthan the criticalvalue

Ta) f, and D, assumee trial
a trialvalue HI from equation(1)

...
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trialvalue Y, frcm equation(2). An initialestimateof
N,l ~ybe obta-zfrom figure1. Figurel(a) correspondsto
80 percentof theoreticalfuel;figurel(b) correspondsto 90 yer-
cent;amd figurel(c) correspondsto 100, 110,and 120 percent.

Step 2. I?indatrialvalue VI from the chartcorresponding
to f by a doubleinterpolationbetweenenthalpy H and pressure
p ties a~ c~UtO %,2 (a seco~ aPPro*tion of ub) from
equation(3).

SteP 3. ~ ub,l @ ub,2 are appreciablydifferent,

XVe the precisioncfthe estimateof velocity~ the burned
ss % bycomputq %,3 from equation(4):

%,2 - %,1
‘b,3 = ub,~ + 2 (4)

1- %,2
5800 PV

Step 4. Repeatsteps1, 2, @3 us~ ub,3 (or ub,2) h

placeof ~,1 as an est~te of ~. This processis continued
~til ub 2 Ei~W3S with ub ~ withinthe desiredaccuracy,or
untilf~her repetitionfai~ to bring %,2 into closeragree-
mentwith ~,lj or untilit becomescl- that the processdoes
not converge. In the caseof nonconvergence,the assumedflow is
physicallyimpossible.The valuesgivenin figure1 are not exact
.iorany C&e = are
steps1, 2, and 3.

step 5. Whena
are found,determine
the totalcombustion

‘total may be”found

to be used onl~for the f-~sttrialthrough

satisfactoryset & valuesof ub, P, and H
T from the chart. An approximatevalueof
temperatureTtotal and totalpressure
by readingthe chartat

1T8
%otai ‘ha.l -fhc

1540

at a valueof the entropycorresponding
v.

+h’-Q

to finalvaluesof P and

.

.,

.

w
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NACA TN 1883 9

The steps involved in the calculation of ~, P, V, and 1’
are shownin the followingtablefor the cases:

Staticpressure, pa, (lb/sqin.) .

Totaltemperature,Ta, % . . . .

Percentof theoreticalfuel . . . .
Fuel velocity, ~, (ft/see) . . .

H~eO~SSg,Q, (m/lb air) . . . .
D . . . . . . .. . .

Inlet-airvelocity,

~ &

100 10

225 10

250 10

‘total

1334

X534

133-4

ra

G

700

700

(ft/see).

%,1

66&
672
675

220&
2385
2399
2407
2394

293@
1560
4370

H P

1325 9.498
13249.486
1.3249.484
12316.02
121.35.65
12115.63
12135.61
12125.63

11514.02
1286 7.06
928 .8

● ☛✎☛☛☛ ✎☛✎☛✎☛ ✎☛ 10
.*.*.. ● ****. . 700

● *.*.. ● **.** . 100 ‘
● *O..* ● ****O ● * o
.*.*.* ● ☛☛✎✎✎ ✎ ✎ 0
.*.*.* . ..0.0 . . 0,
. . . . . . ● .* 100,225,250

v pb,z
174 671
175 675
175 675

263 2280
275 2390
277 2402
277 2402
278 2410

--L
375 3615
232 2240
Mf
>hart

672
675 ‘

4080

2385
2399
2407
2394
24383870

1560
4370

%otal

4100

4080

aObtainedfromfigurel(c).

The convergenced the ~ocess @ calculations mpidanddef-
initefora ~ valueof 100feet per secondin whichthe initial
and finalMach numbersare much lessthan 1.

In the casdd’ a valueof ~ & 225feet per second.,the
finalMachnumber is only slightlylessthan 1 and more stepsare
required. The acc~cy is limitqdbythe abilityto read the charts
and even in this ca8e the approximationwas not improvedin the
fourthand fifthtries,in which %,3 was computedand usedas
the neti trialvalue@ %,1.

. —___._—______ ..__ ._, . -—.—. -..—— ---------------
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a value of ~ & 250 feet per secondis uses,the
of calculationdivergein an altemting manner. In this
initialvelocity3s so largethatno physicallysignif-

icantsolutionexists.

LewisFlight2ro@sfon Lab-tory,

1.

2.

3.

4.

NationalAdvisoryCw.unitteefor AeronatrtScs,
Cleveland,Ohio,March 9, 1949.

Hershey,R. L., E@rhard.t,J. E., and Hottel,H. C.: Thermo-
dynamicl?ropertiesat the Work@ I’lui&in lhternal-Combustion
-g ●

~ Jour., VO1. 39, no. 4, Oct. 1936,pp. 409-424.

Ltiz,Otto,and Wolf,ll?eidrich:Enthalpy-EntropyDiagmm for
Air and CombustionGases. JuliusSpringer(Berlin),1938.

Hbttel,H. C., and Williams,G. C.: Chartsof !l?hezmmdynamic
Propertiesa? FluidsEncounteredin Calculations& Internal
Combustionmine Cycles. ~CA ~ 1026~ lg460

Turner,L. Richard,and Lord,AlbertM.: ThermodynamicCherts
for the Computationof Combustionand.Uure Tempemturesat
Constantnessure. NACA TN 1086,1946.
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